Parkinson's disease and schizophrenia are clinical scenarios that occur due to dopaminergic deficit and hyperactivity in the midbrain, respectively. Current pharmacological interventions for these two diseases therefore aim to restore normal dopamine levels in the midbrain. But during therapy, there is a overshooting of dopamine concentrations that result in hallucinations in Parkinson's disease patients and extra-pyramidal symptoms in schizophrenic patients. This causes a lot of inconvenience to the patents and the clinicians. There are no tests currently available to monitor drug efficacy in these two neuropsychiatric diseases. Materials and methods: Parkinson's disease and schizophrenic naïve patients were recruited. Serum proteins isolated from these two clinical phenotypes were labeled with fluorescent cyanine dyes and analyzed by two-dimensional difference in gel electrophoresis proteomic experiment. Differentially expressed spots that had consistent expression pattern across five sets of biological replicate gels were trypsin digested and subjected to mass spectrometric analysis for protein identification. Validation experiments were done for the identified proteins using antibody-based assay on a patient cohort that included naïve, treated, and those who had side effects. Results: Serum α-and β-globin chains were identified as differentially expressed proteins having threefold higher expressions in Parkinson's patients as compared to schizophrenia. Interestingly, concentrations of these two proteins had an inverse correlation across clinical phenotypes in the dopaminergic spectrum. RBC contamination as a source for these proteins was ruled out. Conclusion: There is a clear association of free serum globin with dopaminergic clinical states. This lays a platform for protein biomarker-based monitoring of pharmacological efficacy in Parkinson's disease and schizophrenia.
Introduction
Parkinson's disease is a progressive neurodegenerative movement disorder characterized by slowed movements, resting tremors, disturbance of posture, and rigidity. 1 Epidemiological studies have shown that its prevalence is approximately 0.3% of the whole population in industrialized nations. 2 The estimated incidence of Parkinson's disease in general population ranges from 1.5 to 26 per 100,000, except in Asian countries where the rate is lower, ie, 1.5-15.0 per 100,000 person-years. [3] [4] [5] Parkinson disease is an age-related disorder with only 5%-10% of cases classified as young onset. 6 The incidence of Parkinson's disease, as well as the prevalence, also increases with age, submit your manuscript | www.dovepress.com
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gupta et al with the peak incidence of Parkinson's disease occurring between 70 and 79 years. [7] [8] [9] [10] Schizophrenia is a psychotic illness defined by a spectrum of symptoms including breakdown of thought process, deficit of emotions, auditory hallucinations, delusions, confused thoughts and speech. 11 The prevalence is 0.3%-0.7% worldwide. 12 The occurrence rate is 1.4 times more in males compared to females and typically appears earlier in men. 11 For male populations, the peak ages of onset are 20-28 years and for female populations it is 26-32 years. 13, 14 Neighborhood and cultural variations in the incidence of schizophrenia have been reported and are consistent with classical sociological models of mental disorders. 15, 16 The WHO reported 20,000 deaths in 2010. 17 Parkinson's disease and schizophrenia are clinically diverse neurological diseases and are at the opposite ends of the dopaminergic activity spectrum in the midbrain. While death of dopamine-generating neurons is responsible for the motor symptoms of Parkinson's disease, hyper-dopaminergic activity is the cause for the psychotic symptoms of schizophrenia. 18 Accordingly, pharmacological medications in Parkinson's disease and schizophrenia pertain to normalizing the levels of dopamine in the midbrain. 19 Dopaminergic drugs in Parkinson's disease aim to increase the availability of dopamine in the neurons of the midbrain, while antidopaminergic drugs reduce the activity of dopamine as a signal between neurons in the midbrain. However, during the course of Parkinson's disease therapy, the dopamine levels tend to overshoot normal dopamine levels leading to hallucinations that are classical positive symptoms of schizophrenia. 20 Likewise, the problem in using neuroleptic drugs in the treatment of schizophrenia is that these drugs lower the levels of dopamine, leading to low dopamine state and extra-pyramidal side effects. 21 The problems pertaining to disease manifestation and the side effects resulting from dopamine-based pharmacological interventions have been comprehensively reviewed by our group. 22 Currently, there are no laboratory tests available to guide treatment decisions or help predict adverse side effects of the drugs used, and clinicians are forced to rely completely on patient compliance and symptoms to understand the efficacy of the drug. As a result, there is a high chance of overshooting the point of normal dopaminergic state with patients succumbing to side effects, which is a disease at the other end of the dopaminergic spectrum. 23 This poses a big challenge to the clinicians, as they get to know of the treatment side effects either from the patient relatives or from the patients themselves. 24, 25 Over the past few years, researchers have been trying to develop tools that can help in the evaluation of side effects resulting from pharmacotherapy in these two diseases. The investigations of grasping movements provide a sensitive measure to objectively evaluate extra-pyramidal side effects related to antipsychotic therapy. 26 In another recent study, three clinical screening tools were used to detect drug-induced Parkinsonism in patients with advanced schizophrenia, but these tools were found to be very inadequate, with a sensitivity of around 60%. 27 Parkinson's diseaserelated psychosis is not adequately described by the existing criteria for psychotic disorders, and a provisional diagnostic criterion that defines a constellation of clinical features is not shared by other psychotic syndromes. 28 However, these clinical parameters have not been fully validated for clinical application and form a starting point for epidemiological and pathophysiological studies.
Biomarkers are biological molecules that can be objectively measured and evaluated and are an indicator of biological processes and pharmacologic response in the human body. [29] [30] [31] Clinical proteomics-based biomarker discoveries have gained substantial significance in both basic and clinical research and has already had a commendatory impact in many branches of medicine including neurology. [32] [33] [34] While there have been a number of protein biomarkers for diagnosis or prognosis of Parkinson's disease and schizophrenia, there has been no study to develop protein biomarkers to monitor drug therapy in these two diseases. [35] [36] [37] [38] [39] In the recent past, our group has been looking into this aspect to provide valuable inputs in terms of protein biomarkers to monitor Parkinson's disease and schizophrenia therapies. 40, 41 This makes a search for a reliable biomarker tool, which can assess the effectiveness of treatment responses and optimize pharmacological interventions in Parkinson's disease and schizophrenia, very important and highly relevant.
The objectives of this study were i) to identify differentially expressed proteins in the naïve states of the two diseases, Parkinson's and schizophrenia and ii) to validate their expression in clinical states of patients receiving treatment and those having side effects. We carried out two-dimensional difference in gel electrophoresis (2D-DIGE)-based comparative serum proteomic experiments to identify potential biomarkers that can help in precisely defining optimum drug efficacy for pharmacological interventions in the dopamine-dictated clinical states of Parkinson's disease and schizophrenia. This research work has a translational value that would immensely help neurologists and psychiatrists in the management of patients with Parkinson's disease and schizophrenia, respectively. The ethics committee at the All India Institute of Medical Sciences approved the study (reference no: IESC/T-418/26.08.2015), and the procedures followed were in accordance with the ethical standard formulated in the Helsinki declaration. Clinically suspected Parkinson's disease and schizophrenia patients were screened at the Department of Neurology and Psychiatry, All India Institute of Medical Sciences, New Delhi. Before enrolment into the study, patients were told in detail about the purpose of the research and written informed consent was obtained. Patient names and file numbers were kept confidential and unique identification codes were given. Drug-naïve patients were those who had never undergone pharmacological treatment for the particular disease. Five milliliter of intravenous blood was drawn from the patients in blood collection tubes and then allowed to coagulate. The blood was then centrifuged at 4,000 rpm for 5 minutes at 4°C, and the serum was carefully separated and aliquoted into separate fresh microfuge tubes and stored at -80°C. Extreme care was taken during sample collection to avoid cellular contamination.
Patient inclusion and exclusion criteria
The inclusion criteria from the Unified Parkinson Disease Rating Scale (UPDRS) were used for screening of patients suspected of having Parkinson's disease. While a score of zero represents no disability, a score of 199 on the UPDRS scale represents complete disability. 42 The progress of symptoms in Parkinson's disease patients was described using the Hoehn and Yahr scale and was graded from stage 1 to stage 5.
43 ICD10 was used for diagnosis of schizophrenia. 44 Patients with disease and other coexisting diseases or those receiving any other therapeutic interventions, including homeopathy medicines, were excluded.
Proteomics
Total protein from the serum of patients with Parkinson's disease and schizophrenia was assayed using 2D-DIGE and following are the steps involved in serum DIGE-based proteomics (Figure 1 ).
sample processing
Individual serum samples were processed with Spintrap™ affinity column kit (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) according to instructions provided with the kit for removal of two high abundant proteins (albumin and IgG). The depleted serum fractions were then treated with 2D Clean Up kit (GE Healthcare) to remove salts and gel-interfering substances. Finally, the precipitate was solubilized in lysis solution (7 M urea, 2 M thiourea, 4% CHAPS). Total protein was quantified using Bradford reagent with bovine serum albumin as standard (GeNei™, Bengaluru, Karnataka, India). Fluorescent labeling of serum protein 2D-DIGE experiments involve prelabeling of the samples before electrophoresis. Protein samples were labeled using CyDye DIGE fluors (Cy2, Cy3, Cy5) according to minimal labeling protocol provided by the manufacturer (GE Healthcare, Singapore). Five naïve Parkinson's disease patients and five naïve schizophrenic patients were considered for analytical discovery phase of proteomic experiments (Table 1) . Five separate experiments were performed to obtain five analytical replicates. Internal standard that comprised equal amount of protein from the ten samples was labeled using Cy2 dye. Fifty microgram of serum protein from either Parkinson's disease or schizophrenic patients was labeled with 400 pM of either Cy3 or Cy5 for 40 minutes in dark at 4°C. Dye swapping was done to avoid dye and color bias as shown in Figure 1 . l-lysine was used at 10 mM concentration for 10 minutes to quench the labeling reaction. Finally, the labeled protein samples were pooled together and final volume was adjusted to 250 μL with DeStreak™ rehydration solution (GE Healthcare).
iPg strip rehydration IPG buffer (pH: 3-10) was added to the protein sample and made to a final concentration of 0.5%. The sample was centrifuged at 16,000 g for 2-3 minutes and the suspension was loaded on a reswelling tray (Amersham Biosciences, Piscataway, NJ, USA). Immobiline Dry Gel Strip (13 cm) (IPG strips) of pH range 3-10 was used for isoelectric focusing. After removing the plastic cover on the IPG strip, gel surface was placed over the sample in the tray and submerged with cover fluid. For proper rehydration, the strips were kept overnight for 12-14 hours.
isoelectric focusing
The rehydrated IPG strip was kept in a strip holder and subjected to isoelectric focusing in an Etan IPGphor 3 IEF systems (GE Healthcare) as per the following program: i) step mode, 200 V for 150 minutes, ii) gradient mode, 1,000 V for 90 minutes, iii) gradient mode, 8,000 V for 150 minutes, iv) step mode, 8,000 V until a total volt hours of 15,500 V hr was achieved. Temperature was set at 20°C, and during the run, strips were fully covered with mineral oil.
sDs Page
After the first dimension, each electro-focused strip was equilibrated in SDS equilibration buffer containing 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 0.02% bromophenol blue. The strip was first equilibrated for 15 minutes with 0.05% dithiothreitol prepared in 5 mL of SDS equilibration buffer at room temperature. The solution was discarded carefully and replaced with 1.25% iodoacetamide solution prepared in 5 mL SDS equilibration buffer for 15 minutes at room temperature. After equilibration, the strip was then transferred onto 12.5% homogeneous polyacrylamide gel casted on a SE 600 Ruby apparatus (Amersham Biosciences). Air bubbles were removed and the strip was sealed with PROTEAN ® plus overlay agarose. Separation in SDS-PAGE was carried out with constant voltage set at 60 V for 60 minutes, followed by 100 V at 20°C till the bromophenol blue dye front was out of the gel. Five such gels were run as five biological replicates.
image acquisition and analysis
Typhoon TRIO Variable Mode Imager (GE Healthcare) was used to visualize the labeled proteins. Cy2, Cy3, and Cy5 images were scanned at 488 nm/520 nm, 532 nm/580 nm, and 633 nm/670 nm, respectively. A photomultiplier tube (PMT) setting of 490-520 V with 200 μm/pixel resolution with high sensitivity was used to scan the gels. The scanned images were cropped to remove areas extraneous to the gel image using Image-Quant™ v 5.5 (Amersham Biosciences). DeCyder™ 2D version 7.0 (GE Healthcare) was used to process and analyze the gel images. The DeCyder differential in gel analysis (DIA) module was used for comparison of intensities of specific protein spots between samples with the internal standard within the same gel. The maximum number of spots was set to 2,500 for each co-detection procedure. The protein spots were co-detected and quantified automatically as 2-D DIGE image pairs, consequently linking the samples to its in-gel standard. Biological variation analysis (BVA) The gel with the maximum spot count was classified as the master gel. In-gel standard from each image pair was used for matching between gels. Land marking was done in the gel images to accurately determine matching, and the potential spots of interest were manually confirmed. Statistical analysis was done using Student's t-test for each matched spot set by comparing the mean and SD of protein abundance for a given protein spot.
Mass spectrometric analysis and protein identification
A total of 600 μg of pooled protein sample was used for preparative gel and stained for visualization with mass compatible silver stain (G Biosciences). Matched spots of interest were manually picked from the preparative gel. In-gel trypsinization was done overnight according to the manufacturer's protocol (Promega Corporation, Fitchburg, WI, USA). Digestion buffer containing the peptides was obtained. A total of 100 μL of 50% acetonitrile in 1% formic acid was used to remove the additional peptides. After peptide extraction, the fractions were pooled and vacuum-dried. The peptide extract was resuspended in 20 μL of 50% acetonitrile and 0.1% trifluoroacetic acid (TFA). The resuspended peptides were mixed with α-cyano-4-hydroxycinnamic acid in a ratio of 1:1 and spotted on the matrix assisted laser desorption/ionization (MALDI) plate. MALDI data was obtained automatically over a mass range of 800-3,500 kDa in the reflector ion mode on an AB (Applied Biosystems) 4800 MALDI-TOF/TOF analyzer with 4,000 series explorer v3.5 software, using fixed laser intensity for 1,500 shots/spectrum, with a uniformly random spot search pattern. Collision energy is determined by the potential difference between acceleration voltage and floating collision cell, which was 1 KeV for all experiments. Air as collision gas was used such that nominally single collision was achieved. From each MS spectrum, the ten most abundant MS peaks were selected for MS/MS using an acquisition method that excludes ions with S/N less than 50, and which filtered out identical peaks detected in adjacent spots, selecting only the strongest precursor. To achieve the maximum signal intensity for low-abundance peptides, the precursor ions with the weakest S/N were first acquired. 1 KV MS/MS operating mode was employed; the relative precursor mass window was fixed at 250 (full width half mass), with metastable suppression enabled. Using fixed laser intensity, MS/MS acquisition of selected precursor was set to a maximum of 1,250 shots with 50 shots per sub-spectrum. The stop-condition criteria were fixed to a minimum of 100 S/N on more than seven peaks within the spectrum after a minimum of 1,000 shots. Peptide masses were searched with the MASCOT search engine against the NCBI nr human database for protein identification. A significant Mascot probability score (score 40; P0.05) was set as a criterion for positive identification.
elisa
The concentrations of α-and β-globins in serum were estimated using ELISA kits procured from Qayee-Bio (Shanghai, China) as per the manufacturer's protocol. A standard curve was plotted and the serum concentrations of α-and β-globins were extrapolated from the graph using Graphpad PRISM (v6.01).
statistical analysis
The statistical analysis of the data obtained was done using SPSS IBM version 20.0 (version 20.0; IBM Corporation, Armonk, NY, USA). Non-parametric Kruskal-Wallis test was done to compare serum globin concentrations among all the patient groups. Dunn's test as a post hoc test was done to compare differences in each group. Chi-square test was used to compare frequencies of categorical variables. Bivariate spearman rank correlation coefficient was calculated to determine any significant correlation between the study variables. A two-sided probability of P0.05 was considered as being statistically significant for all the tests. The values for area under the curve and the receiver operating characteristics (ROC) curve were obtained by numerical regression of the ROC curve.
Results
Clinical profile
The demographic and patient profiles of the serum samples used in DIGE, the discovery phase of the experiment and ELISA, and the validation phase of the experiment are highlighted in Tables 1 and 2 . In case of sex distribution, the numbers are as per the fact that the incidence of these two dopamine-dictated clinical states largely affects the male population. 45 As evident from these tables, the mean age of Parkinson's disease patients was one and a half times more than that of schizophrenic patients. It should be noted that the incidence of Parkinson's disease rapidly increased above the age of 60 years, 2 whereas the incidence of schizophrenia 46 The age was considered a factor that could affect protein expression and has been addressed by a statistical analysis that is discussed in subsequent paragraphs. The serum from healthy individuals was not considered for the study as they are not biologically on par with patients who are recovering from a neurological disease after medical intervention. The details of patients who presented with drug side effects are provided in Table 3 . Drug-induced psychosis in Parkinson's disease and drug-induced Parkinson's disease in schizophrenia are well highlighted.
Dige
Serum samples were depleted of albumin and globulin using an antibody-based affinity column. The eluted fractions on SDS-PAGE showed a decrease in the intensity of albumin and globulin bands and an increase in the intensity of rest of the proteins ( Figure S1 ). Five sets of DIGE experiment were performed with the serum samples to delineate differential protein expression pattern (Figure 2 ). Three different gel images corresponding to the three protein samples of Parkinson's disease, schizophrenia, and internal standard were generated for each gel. These 15 images so obtained were analyzed by the DeCyder software to mark differentially expressed proteins. Cy2-labeled gel image that had highest number of spots was assigned as master gel by DeCyder software. An average of 1,840 spots was observed on each 2D-DIGE gel. Proteins that were expressed to the same extent showed up as white-colored spots, whereas those that were expressed differentially showed up as either red-or green-colored spots. Of these, two spots were found with an average ratio of ±3.0, in all the five gels, using BVA module of DeCyder software (Student's t-test, P-value 0.05). The magnified region of the gel showing these spots is depicted in Figure 3 . The protein spots were differentiated Total number of patients recruited in this study 100 from an artifact using 3D view mode on DeCyder. The two protein spot intensities were represented as well-defined cones with a circular base and a summit, with a consistent presence across all the five gels ( Figure 4) . A preparative gel with 600 μg protein was run; spots were matched with the analytical gels and picked for identification. Mass spectrometric analysis identified the two spots as α-and β-globin chains. The identification profile parameters and differential expression of these spots are given in Table 4 and their snapshots are shown in Figures S2 and S3 .
Validation of α-and β-globins as potential pharmacotherapeutic biomarkers for Parkinson's disease and schizophrenia
The expressions of α-and β-globin were validated by ELISA to determine the concentrations of α-and β-globin across the six groups of patients who were naïve, treated, and who had Parkinson's disease and schizophrenia with side effects. The expression of both α-and β-globin was significantly higher in naïve Parkinson's disease patients compared to naïve schizophrenic patients. In addition, the expressions of both α-and β-globin were significantly higher in patients treated for Parkinson's disease than in those treated for schizophrenia. Disease scoring, gender, and age had no effect on the expressions of α-and β-globin (Tables 5 and 6 ). The graphical representations of the ELISA studies are shown in Figure 5 . β-and α-globin chains showed a threefold overexpression Table 7 . The concentrations of globin chains were plotted against the duration of pharmacological intervention ( Figure 6 ). Western blot analysis was carried out using an antibody against bisphosphoglycerate mutase, an enzyme that is expressed in high concentrations in RBC (Figure 7 ). This experiment was done to rule out any RBC contamination. Results showed a complete absence of signal in any of the samples.
Discussion
A total of 100 patients with Parkinson's disease and schizophrenia were recruited in the neurology and psychiatry outpatient department to procure serum samples. The patients included naïve and those treated by pharmacological interventions and those who had side effects due to medications. The naïve patients in the two clinical phenotypes represented two extreme end points of dopamine spectrum. Although samples from five naïve Parkinson's disease patients and from five naïve schizophrenic patients were taken for discovery phase of DIGE experiments, all the 100 samples were considered for the validation phase of the experiment by ELISA.
Serum samples as a tissue for biomarker discovery has its own advantages: easy accessibility, non-invasiveness, and the ease of procedure. By contrast, serum samples also contain enormous amounts of albumin and immunoglobulin. [49] [50] [51] 2D-DIGE experiments were performed on serum proteins after depleting albumin and IgG to improve the resolution of the spots on the gels. To our knowledge, this is the first report on the DIGE analysis of the serum proteome of these two dopamine-related pathologies, Parkinson's disease and schizophrenia. The relative difference in expression and consistency in variation across the biological replicates prompted the identification of two spots by mass spectrometric analysis as globin chains of hemoglobin. Validation by ELISA confirmed the differential expression and, interestingly, showed linearity with respect to dopaminergic spectrum. The slope and R 2 values signified the extent and 
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gupta et al quality of correlation between the globin concentrations across the dopaminergic spectrum. The serum α-globin with a cut-off value of 10.7 ng/mL and serum β-globin with a cut-off value 10.1 ng/mL were shown to differentiate patients in the Parkinson's disease domain from patients in the schizophrenic domain with a sensitivity and specificity of at least 70%. These values could be considered as possible indicators for impending side effects for patients receiving pharmacological therapy. Therefore, this appears to be the significant period for a clinician to alter the dose of the drug, change the medication, stop the medication, or return to alternate treatment remedies. Given the possible heterogeneity of patients with respect to the quality of pharmacological intervention, duration of therapy, patients' compliance, and personal habits, the results are very encouraging with regard to the possible utility of these proteins to monitor drug efficacy. Although no strong conclusions could be drawn, the correlations of globin concentrations against the duration of therapy suggested that an interesting level of variation in globin chain concentrations was observed in both diseases. These results are consistent with the results of previous findings that showed a decreased β-globin levels in the serum of Parkinson's disease patients receiving levodopa as a pharmacological therapy. 52 Bisphosphoglycerate mutase is an enzyme unique to erythrocytes and is involved in the conversion of 1,3-bisphosphoglycerate, which is formed as an intermediate in glycolysis, into 2, 3 bisphosphoglycerate, which is used for oxygen transport. 53 The absence of any signal for this protein in the Western blot experiment and because standard operating procedures were followed in procuring, storing, and processing of the serum samples, there is no possibility that the presence of these globin chains was due to in vitro RBC contamination. The results, therefore, provide sufficient evidence for the varying expressions of free circulating α-and β-globins across the mid-brain dopaminergic clinical spectrum. The plausible explanations for these findings are described by two observations. Firstly, Parkinson's disease is closely related to oxidative stress in midbrain. 54 There is an increased production of reactive oxygen species along with upregulation of anti-oxidative defense mechanisms in the systemic circulation in Parkinson's disease, thereby indicating a strong correlation between chronic neurological oxidative stress and systemic reaction. 55 By contrast, schizophrenic patients show a decreased production of anti-oxidative pathway molecules. 56 Secondly, Parkinson's disease has systemic manifestations that are reflected by an upregulation of inflammatory pathways. 57 Whereas in schizophrenia, the inflammatory response is blunted as shown by the decreased production of cytokines. 58 These two biological phenomena of oxidative stress and inflammation affect RBCs that lead to dysfunctional cells and hemolysis, which is the primary source of free serum hemoglobin. 59, 60 Though neuronal hemoglobin is expressed in the substantia nigra of patients with Parkinson's disease, it highly is unlikely that the globin chains identified in this study corresponded to the neurological counterpart.
61,62
Limitations
The limitations of the study and possible reasons for these limitations are as follows: i) a small sample size, which is due to difficulty in recruiting patients with the required criteria at a tertiary health care institute and ii) the identification of high abundant proteins is a limitation that is inherent to a gel-based proteomics approach for biomarker discovery.
Conclusion
2D-DIGE proteomics is an ideal platform to compare differential protein expression across the dopaminergic clinical spectrum of Parkinson's disease and schizophrenia. α-and β-globin chains are found to be differentially expressed with a threefold higher expression in patients with Parkinson's disease compared to those with schizophrenia. The expressions of these two proteins also correlate with the severity of the disease and duration of the treatment. The inverse relationship between globin expression and dopamine concentration in the brain holds value as a translational tool in the therapeutics of Parkinson's disease; a dopamine-deficient state of brain, and schizophrenia; a dopamine-excessive state of brain. To our knowledge, this is the first study to compare the serum proteome of Parkinson's disease and schizophrenia for identification of biomarkers to aid pharmacotherapy. Monitoring the concentrations of these two serum proteins should Video abstract
